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ILLUMINATION SYSTEM USING MULTIPLE 
LIGHT EMITTING DIODES 

FIELD OF THE INVENTION 

[0001] The invention relates to optical systems, and more 
particularly to an illumination system, for example a vehicle 
headlight, that uses a number of light emitting diodes as the 
sources of light. 

BACKGROUND 

[0002] Light emitting diodes (LEDs) are devices that emit 
light from a semiconductor junction. The light is emitted 
from an LED over a Wide range of angles via the combi 
nation of carriers at the junction. The large emission angle 
for the LED light introduces system design issues related to 
collecting and directing the light When the LED is used as a 
light source. On the other hand, the small siZe, long life and 
high optical e?iciency, typically in excess of 50% of elec 
trical energy converted to optical energy, make the LED 
attractive as a light source for directed illumination systems, 
such as vehicle headlights. There is a need, therefore, for an 
approach to collecting and directing LED light With high 
e?iciency While maintaining small siZe and loW cost. 

SUMMARY OF THE INVENTION 

[0003] One exemplary embodiment of the present inven 
tion is directed to an illumination system that has at least ?rst 
and second illumination modules arranged substantially side 
by side along a ?rst direction, forming a ?rst roW. At least 
the ?rst illumination module includes a ?rst light emitting 
diode (LED) arranged to emit light generally along a ?rst 
LED axis so as to illuminate a ?rst curved re?ector having 
a ?rst re?ector axis non-parallel to the ?rst LED axis. The 
?rst curved re?ector has a ?rst re?ecting surface that, at an 
output from the ?rst illumination module, subtends an angle 
of less than 180° at the ?rst re?ector axis. 

[0004] Another exemplary embodiment of the present 
invention is directed to an illumination system that has at 
least ?rst and second illumination modules arranged sub 
stantially side by side along a ?rst direction, in a ?rst roW of 
illumination modules. The ?rst and second illumination 
modules each include a respective light emitting diode 
(LED) arranged to emit light generally along a respective 
LED axis so as to side-illuminate a respective curved 
re?ector having a respective re?ector axis non-parallel to the 
respective LED axis. The re?ector axis of the ?rst illumi 
nation module is non-parallel to the re?ector axis of the 
second illumination module. 

[0005] Another exemplary embodiment of the present 
invention is directed to a lamp unit that includes a molded 
transparent body de?ning at least ?rst and second curved 
surfaces disposed sequentially along a ?rst roW in a ?rst 
direction. The at least ?rst and second curved surfaces are 
provided With at least ?rst and second respectively conform 
ing re?ecting layers. The at least ?rst and second curved 
surfaces de?ne at least ?rst and second respective re?ector 
axes. At least ?rst and second light emitting diodes (LEDs) 
are disposed to emit light generally along respective at least 
?rst and second LED axes oriented non-parallel to the ?rst 
direction and non-parallel to respective re?ector axes, so as 
to illuminate respectively the at least ?rst and second 
re?ective layers. 
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[0006] The above summary of the present invention is not 
intended to describe each illustrated embodiment or every 
implementation of the present invention. The ?gures and the 
folloWing detailed description more particularly exemplify 
these embodiments. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0007] The invention may be more completely understood 
in consideration of the folloWing detailed description of 
various embodiments of the invention in connection With the 
accompanying draWings, in Which: 

[0008] FIG. 1A shoWs a schematic perspective vieW of an 
exemplary embodiment of an illumination module accord 
ing to principles of the present invention; 

[0009] FIGS. 1B-1D shoW schematic cross-section vieWs 
of an exemplary embodiment of an illumination module 
according to principles of the present invention; 

[0010] FIG. 1E schematically illustrates a cross-sectional 
vieW of another exemplary embodiment of an illumination 
module according to principles of the present invention; 

[0011] FIGS. 2 and 3 shoW schematic cross-section vieWs 
of exemplary embodiments of illumination modules having 
curved output surfaces, according to principles of the present 
invention; 

[0012] FIG. 4 shoWs a schematic cross-section vieW of an 
exemplary embodiment of an illumination module having a 
faceted output surface, according to principles of the present 
invention; 

[0013] FIGS. 5A and 5B schematically illustrate exem 
plary embodiments of illumination systems formed from 
pluralities of illumination modules, according to principles 
of the present invention; 

[0014] FIG. 5C schematically illustrates an exemplary 
embodiment of an illumination system formed from illumi 
nation modules With at least one non-parallel re?ector axis, 
according to principles of the present invention; 

[0015] FIG. 6A shoWs a schematic perspective vieW of an 
exemplary embodiment of an illumination module accord 
ing to principles of the present invention; 

[0016] FIG. 6B presents a graph shoWing the calculated 
depth of an illumination module as a function of output 
aperture siZe, for various values of paraboloid radius; 

[0017] FIG. 6C presents a graph shoWing the calculated 
collection e?iciency of an illumination module as a function 
of output aperture siZe, for various values of paraboloid 
radius; 

[0018] FIGS. 7A and 7B schematically illustrate exem 
plary embodiments of illumination systems formed using 
sub-units of illumination modules, according to principles of 
the present invention; 

[0019] FIG. 8A schematically illustrates an exemplary 
embodiment of an illumination module used in the descrip 
tion of Example 1; 

[0020] FIG. 8B schematically illustrates a sub-unit 
formed using illumination modules as shoWn in FIG. 8A 
and used in the description of Example 1; 
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[0021] FIGS. 8C-8E present calculated illumination pat 
terns produced by the sub-unit illustrated in FIG. 8B; 

[0022] FIG. 9A schematically illustrates an exemplary 
embodiment of an illumination module used in the descrip 
tion of Example 2; 

[0023] FIG. 9B schematically illustrates a sub-unit 
formed using illumination modules as shoWn in FIG. 9A 
and used in the description of Example 2; and 

[0024] FIG. 9C presents a calculated illumination pattern 
produced by the sub-unit illustrated in FIG. 9B. 

[0025] While the invention is amenable to various modi 
?cations and alternative forms, speci?cs thereof have been 
shoWn by Way of example in the drawings and Will be 
described in detail. It should be understood, hoWever, that 
the intention is not to limit the invention to the particular 
embodiments described. On the contrary, the intention is to 
cover all modi?cations, equivalents, and alternatives falling 
Within the spirit and scope of the invention as de?ned by the 
appended claims. 

DETAILED DESCRIPTION 

[0026] The present invention is applicable to optical sys 
tems and is more particularly applicable to light collection 
and management systems useful for illuminating a target 
With light from one or more light emitting diodes (LEDs). 

[0027] LEDs With higher output poWer are becoming more 
available, Which opens up neW applications for LED illu 
mination. Some applications that may be addressed With 
high poWer LEDs include their use as light sources in 
projection and display systems, as illumination sources in 
machine vision systems and camera/video applications, and 
also in distance illumination systems such as vehicle head 
lights. 

[0028] LEDs typically emit light over a Wide angle, and 
one of the challenges for the optical designer is to e?iciently 
collect the light produced by an LED and direct the light to 
a selected target area and/or Within a selected angular 
aperture. Another challenge is to package the LEDs effec 
tively, that is to reduce the footprint of the LED assembly 
While maintaining the desired optical characteristics. 

[0029] In the folloWing description, the term LED is used 
to refer to a light emitting diode that may or may not be 
closely coupled With a lens. The light emitting diode may be 
simply an LED die, or may include some other con?gura 
tion, for example an LED die encapsulated Within a lens. 

[0030] One approach to collecting and directing the light 
emitted by an LED is discussed With respect to the exem 
plary embodiment of illumination module 100 schematically 
illustrated in FIGS. 1A-1D. FIG. 1A shoWs a perspective 
vieW of the illumination module 100, in Which an LED 102 
directs light 106 toWards a re?ector 104. 

[0031] FIGS. 1B-1D shoW various cross-sectional vieWs 
through the illumination module 100 as indicated by the 
x-y-Z axes. In this exemplary embodiment, the LED 102 is 
formed of an LED die 102a encapsulated Within a lens 10219. 
The LED 102 has an associated LED axis 108, and the light 
106 emitted from the LED 102 is generally symmetrical 
about the axis 108. Where the pattern of light 106 is not 
symmetrical about the LED axis 108, the LED axis 108 

Apr. 6, 2006 

corresponds to the average direction along Which light 106 
is emitted from the LED 102. 

[0032] The re?ector 104 has a re?ecting surface 110 that 
is curved and has a re?ector axis 112. The re?ecting surface 
110 may conform to a surface of revolution about the 
re?ector axis 112. The re?ecting surface 110 may, for 
example, conform to a paraboloidal surface, or to some other 
type of surface of revolution. The light 106 may be emitted 
from an area of the LED 102 positioned close to, or at, a 
focus of the re?ecting surface 110, on the re?ector axis 112. 
It should be understood that, When a re?ecting surface is 
described in the present description as conforming to a 
surface of revolution, there is no implication that the re?ect 
ing surface must comprise an entire revolution. 

[0033] The divergence of the light 114 re?ected by the 
curved re?ecting surface 110 is different from the divergence 
of the incident light 106 and light 114 may be at least 
partially collimated. In one exemplary embodiment, in 
Which the LED 102 is placed close to the focus of a 
paraboloidal re?ecting surface 110, the light 114 may be 
substantially collimated. 

[0034] The LED axis 108 is typically not parallel to the 
re?ector axis 112, and may be perpendicular to the re?ector 
axis 112. In this con?guration, Where the LED axis 108 is 
not parallel to the re?ector axis 112, the LED 102 may be 
said to side-illuminate the re?ector 104. The re?ecting 
surface 110 may be formed of any suitable re?ective mate 
rial for re?ecting light at the Wavelength of light emitted by 
the LED 102. The re?ecting surface 110 may be, for 
example, formed by multiple polymer layers Whose thick 
nesses are selected to provide a desired degree of re?ectivity. 
In other examples, the re?ecting surface 110 may be met 
aliZed, or may be coated With a stack of inorganic dielectric 
coatings. 
[0035] In some exemplary embodiments, the re?ector 104 
may include a transparent body 116 disposed betWeen the 
LED 102 and the re?ecting surface 110. The transparent 
body 116 may be formed from any suitable transparent 
material, for example, from a polymer such as polycarbon 
ate, cyclic ole?n copolymers (COC), such as copolymers of 
ethylene and norbomene, polymethyl methacrylate 
(PMMA), or the like. The transparent body 116 may be 
molded into shape or formed using some other method. The 
re?ecting surface 110 may be formed over an outside surface 
of the transparent body 116. Light 106 from the LED 102 is 
re?ected at the re?ecting surface 110 and the re?ected light 
114 passes through an output surface 122 of the illumination 
module 100. 

[0036] In other exemplary embodiments, the re?ector 104 
may be formed With the re?ecting surface 110 disposed on 
the inner surface of a curved substrate so that the re?ecting 
surface 110 lies betWeen the substrate and the LED 102. 
Such a re?ector may be referred to as a holloW re?ector. 

[0037] Where the re?ector 104 includes a transparent body 
116, the transparent body 116 may be provided With a 
concave surface 120 concentric to the location of the LED 
emitting area 102a and the LED lens 102!) may be secured 
in this concave surface, for example using optical cement. 
This arrangement is convenient because the interface 
betWeen the lens 102!) and the transparent body 116 may 
then be at least partially index matched, thus reducing 
refractive effects and reducing re?ective losses. 
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[0038] Are?ector 104 that includes a transparent body 116 
operates differently from one that does not include a trans 
parent body 116. One difference is described With reference 
to light ray 106a (see FIG. 1B), emitted from the LED 102 
in a direction close to being parallel With the re?ector axis 
112. Light ray 10611 is re?ected by the re?ecting surface 110 
as light ray 114a. When the lens 102!) is at least partially 
index-matched to the transparent body 116, the light ray 
114a may pass through the lens 102!) to the output surface 
122 of the body 116 With relatively little or no deviation. 
When there is little or no index matching to the lens 102b, 
for example When the re?ector is holloW, the lens 102!) may 
refract re?ected ray 114a into a direction aWay from the 
desired direction. Accordingly, there may be an increase in 
the amount of light reaching the target area When a re?ector 
having a transparent body 116 is used. 

[0039] Another difference betWeen a solid body re?ector 
and a holloW re?ector is that the output surface 122 of the 
transparent body 116 may provide a refracting surface used 
to control the direction of the re?ected light 114. This gives 
the designer another degree of freedom to control the 
direction of the light exiting from the illumination module 
100. In the exemplary embodiment of illumination unit 100 
illustrated in FIG. 1B, the surface 122 is ?at and is sub 
stantially perpendicular to the re?ector axis 112. It Will be 
appreciated that a ?at output surface 122 need not be 
perpendicular to the re?ector axis 112 and that the angle 
betWeen the output surface 122 and the re?ector axis 112 
may have some angle other than 90°. 

[0040] Additionally, the output surface need not be ?at. 
The output surface 222 may be curved, for example as 
illustrated in FIG. 2. The curved output surface 222 acts as 
a lens and, in an exemplary embodiment, may act as a 
positive lens so as to add focusing poWer to the focusing 
poWer of the re?ecting surface 110, thus focusing the light 
214 exiting from the illumination unit. In another exemplary 
embodiment, the curved output surface 222 may act as a 
negative lens so as to subtract focusing poWer from the 
focusing poWer of the re?ecting surface 110. It Will be 
appreciated that the curved output surface 222 need not be 
curved over its entire area, and that the output surface 222 
may have a portion that is ?at and a portion that is curved. 
Furthermore, different portions of the output surface 222 
may be provided With different curves so that the different 
portions of the output surface have different focusing poW 
ers. 

[0041] In the exemplary embodiment illustrated in FIG. 2, 
the output surface is curved With a radius of curvature lying 
in the y-Z plane. In another exemplary embodiment, the 
output surface 322 may be curved With its radius of curva 
ture lying in the X-Z plane, for example as schematically 
illustrated in FIG. 3, so that the light 314 exiting the 
illumination module 300 is focused in the X-Z plane. The 
output surface 222, 322 may be cylindrically curved or may 
be spherically or aspherically curved. 

[0042] The output surface 422 may be faceted, for 
example as illustrated in FIG. 4. The faceted output surface 
422 may include tWo or more facets 422a and 4221) so as to 
refract different re?ected rays 414a and 41419 in different 
directions. 

[0043] In some exemplary embodiments, the re?ector 104 
is truncated in the x-direction, and so the re?ecting surface 
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110 may subtend an angle of less than 180° at the re?ector 
axis 112 at the output of the re?ector unit 104. This is 
described in more detail With reference to FIG. 1D Which 
shoWs a cross-section of the illumination module 100 look 
ing along the re?ector axis 112. FIG. 1C shoWs the plane of 
the vieW in FIG. ID as the section 1D-1D. The angle 
subtended by the re?ecting surface 110 at the re?ector axis 
112 is shoWn as angle 6. Section 1D-1D is at the output end 
of the illumination module 100, and so the angle 6 is the 
angle subtended by the re?ecting surface 110, at the output 
of the illumination module 100, at the re?ector axis 112. The 
value of 6 depends on the extent by Which the re?ecting 
surface 110 is truncated in the x-direction. The truncation 
surfaces 150 and 152 represent the lateral extent (in the +x 
and —x direction) of the re?ector 104, and need not represent 
physical surfaces in a module. The value of 6 increases as 
the truncation surfaces 150 and 152 are made more distant 
from the re?ector axis 112, at least up to a value of 180°. In 
the exemplary embodiment illustrated in FIG. IF, the value 
of 6 is higher than that for the embodiment illustrated in 
FIG. 1D, since r2 is greater than r1. In some exemplary 
embodiments, the value of 6 is less than 180°, and may be 
less than 120°, 90°, or 60°. 

[0044] In some exemplary embodiments, the truncation 
surfaces 150 and 152 may be planar and may be parallel to 
each other. In other exemplary embodiments, the truncation 
surfaces 150 and 152 may not be parallel to each other, or 
may not be planar. In addition, in some exemplary embodi 
ments, the truncation surfaces 150 and 152 may be, but are 
not required to be, parallel to a plane de?ned by the re?ector 
axis 112 and the LED axis 108, i.e. the y-Z plane in the 
notation of FIGS. 1A-1E. 

[0045] A number of illumination modules may be pack 
aged together to form an illumination system. One design 
criterion that is often important When packaging a number of 
light sources together is to reduce the overall siZe of the 
multi-source package While maintaining high e?iciency of 
illumination into a particular angular aperture. An illumina 
tion system that includes a number of illumination modules 
provides some ?exibility in reducing the package siZe While 
e?iciently directing light into a desired angular aperture. 
Furthermore, the integration of multiple illumination mod 
ules into a single body reduces the part count, thus reducing 
part and assembly costs. 

[0046] FIG. 5A schematically illustrates an exemplary 
embodiment of an illumination system 500 that has tWo 
roWs, each roW having four illumination modules 502. The 
output from the illumination system 500, therefore, com 
bines the output from each of the eight illumination modules 
502. In this exemplary embodiment, the modules 502 in the 
upper roW are oriented differently from the modules 502 in 
the loWer roW. In some con?gurations this may provide for 
easier access to the LEDs for maintenance. In another 
exemplary embodiment, schematically illustrated in FIG. 
5B, an illumination system 520 comprises modules 522 in 
tWo roWs With the same orientation. It Will be appreciated 
that an illumination system may have a different number of 
illumination modules in a roW, and may also have a different 
number of roWs of illumination modules. 

[0047] In the exemplary embodiments of illumination 
system 500 and 520, the illumination modules 502 and 522 
are shoWn With cylindrically curved output surfaces, thereby 
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spreading the light in the X-Z plane. Another approach to 
increasing the spread of light in the X-Z plane is to arrange 
the illumination modules so that their respective re?ector 
axes are not parallel. One particular example of this is 
schematically illustrated in FIG. 5C, Which shoWs an illu 
mination system 540 having four illumination modules 
542a-542d, along With their respective re?ector axes 544a 
544d. The re?ector axes 544a-544d are not parallel, and so 
the light is spread in the X-Z plane. For example, if the light 
from a single illumination module has a divergence of 10°, 
and all four illumination modules are aligned With parallel 
re?ector axes, then the divergence of the combined output 
from all the illumination modules is approximately 10°. On 
the other hand, if the re?ector axes are not parallel, then the 
divergence of the combined output beam may be greater 
than 10°. 

[0048] It Will be appreciated that not all the re?ector axes 
544a-544d need be non-parallel to the others, and that some 
of the re?ector axes 544a-544d may be parallel to each 
other. 

[0049] In some exemplary embodiments, for example 
those schematically illustrated in FIGS. 5A-5C, the illumi 
nation systems may be manufactured With the modules 
molded together as a single unit or sub-unit. For example, a 
single body may be molded With the transparent bodies of a 
number of illumination modules. The re?ecting surfaces 
may then be formed by providing a mirror coating, a 
re?ecting coating, or a re?ecting ?lm on certain surfaces of 
the molded body. 

[0050] Various dimensions of an illumination module are 
de?ned in FIG. 6A. The illumination module 600 has an 
LED 602 that illuminates a re?ector 604. Light from the 
re?ector 604 exits through the output 606 of the illumination 
module 600. The output 606 corresponds to an output 
surface of the re?ector 604 or, Where the re?ector 604 is a 
holloW re?ector, a plane perpendicular to the re?ector axis 
that intersects the portion of the re?ecting surface farthest 
from the LED. The depth, d, of the illumination module 600 
is de?ned as the distance from the apex of the re?ector 604 
to the output 606, in the Z-direction. The Width, W, of the 
module 600 is the Width of the output 606 in the x-direction 
and the height, h, is the height of the module 600 at the 
output 606 in the y-direction. The re?ector 604 is assumed 
to be a paraboloidal re?ector With a radius R, Where R is the 
inverse of the curvature, c, i.e. R=1/c, and the parabola that 
is rotated about the Z-axis to form the paraboloid is de?ned 
in terms of c in the folloWing expression: 

In this expression, y is the value of the surface co-ordinate 
along the y-axis, and k is the conic constant. For a parabo 
loid, the value of k is —1, so the expression simpli?es to 
Z=(cy2)/2. 
[0051] The optical characteristics of such a module can be 
numerically modeled. The results of some such calculations 
are illustrated in the graphs shoWn in FIGS. 6B and 6C. 
FIG. 6B shoWs the depth, d, in mm, as a function of the siZe 
of the output: the output Was assumed to be square, in Which 
case W=h. Thus, the dimension CA (clear aperture) is equal 
to both W and h. The calculation Was performed for parabo 
loidal surfaces having three different values of R, viZ. 8 mm, 
9 mm and 10 mm. The results of the calculation shoW that 
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the depth of the module increases With the siZe of the 
aperture. Also, for a given aperture siZe, the depth is greater 
for a smaller value of R. 

[0052] FIG. 6C shoWs the geometrical collection e?i 
ciency as a function of the aperture siZe, CA, for the three 
different values of R. The geometrical collection e?iciency 
is the fraction of light emitted from the LED that exits 
through the output aperture of the illumination module and 
Within a speci?ed angular aperture. For the graph shoWn in 
FIG. 6C, the angular aperture Was assumed to be 15° in the 
vertical direction (in the y-direction) and 135° in the hori 
Zontal direction (x-direction). The collection e?iciency Was 
calculated strictly as a geometrical parameter, and did not 
take into account Fresnel re?ection, absorption or any other 
losses. The collection e?iciency depends on the siZe and 
shape of the re?ector. The collection e?iciency increases 
With increased siZe of the output aperture, and also increases 
With smaller values of R. 

[0053] For a square aperture, the angle, 0, subtended by 
the re?ecting surface at the re?ector axis is about 532°, and 
thus it can be seen that the collection e?iciency of the 
illumination module can be high even When signi?cant 
truncation takes place. If the value of 0 is 180° or higher, 
then the Width of the illumination module is maximiZed, and 
so limits the density With Which the modules can be packed. 
The calculations illustrated in FIG. 6C shoWs that the 
illumination modules can be truncated, Which permits closer 
module packing, Without signi?cant reduction in the geo 
metric collection e?iciency. This results in a higher output of 
light per unit area from the illumination system than Would 
otherWise be possible Where the value of 0 is 180° or greater. 

[0054] An illumination system that uses illumination mod 
ules as disclosed herein may employ a number of identical 
illumination modules or may employ illumination modules 
having different characteristics of, for example, brightness 
and divergence. Some exemplary embodiments of an illu 
mination system may employ a number of a ?rst type of 
illumination modules, having a ?rst set of illumination 
characteristics, and a number of a second type of illumina 
tion modules, having a second set of illumination charac 
teristics. 

[0055] One particular exemplary embodiment of an illu 
mination system 700, schematically illustrated in FIG. 7A, 
employs four sub-units 702a-702d. Each sub-unit 702a 
702d contains a number of respective illumination modules 
704a-704d. Each type of illumination module 704a-704d 
may have its oWn individual illumination characteristics. In 
the illustrated exemplary embodiment, each sub-unit 702a 
702d includes tWo roWs of illumination modules 704a-704d, 
and four illumination modules 704a-704d in each roW. It 
Will be appreciated that each sub-unit 702a-702d may have 
a different number of respective illumination modules in 
each roW, and/or a different number of roWs. Furthermore, in 
the illustrated exemplary embodiment, the sub-units 702a 
702d are stacked to form tWo roWs, each roW having tWo 
sub-units. The sub-units 702a-702d may be arranged di?fer 
ently, for example, arranged in a single roW as schematically 
illustrated for the illumination system 720 in FIG. 7B. 
Furthermore, the illumination system may include a differ 
ent number of sub-units, may stack a different number of 
sub-units in a roW, and/or have a different number of roWs. 

[0056] Arrangements of illumination modules, such as 
those shoWn in FIG. 7A or 7B may ?nd use in lighting 



US 2006/0072313 A1 

applications, for example, automobile headlights. Some 
considerations for LED-based automobile headlights sug 
gest the use of a number of different overlapping illumina 
tion beams in a headlight to achieve a desirable overall 
illumination effect. The different beams are typically 
obtained from different sub-units containing multiple illu 
mination modules. In one particular exemplary embodiment, 
a headlight has four different sub-units that produce four 
different illumination beams, Whose characteristics are sum 
marized in Table I. 

TABLE I 

Summag of Beam Characteristics for Sample Headlight 

Beam No. vertical div. horizontal div. brightness (L) 

1 12 ° 15 ° 3 00 

2 15 ° 13 5 ° 800 

3 13 ° 112° 800 

4 15 ° 150° 400 

[0057] For each beam listed in Table I, values are provided 
for the full-Width, half-maximum (FWHM) vertical and 
horizontal divergences, and the beam brightness in lumens. 
Beam 1 is a bright spot beam, With a relatively small 
divergence, that illuminates the center ?eld of vieW. Beam 2 
is a Wide angle, bright beam, While Beam 3 is a mid 
divergence, bright beam. Beam 4 gives Wide angle, rela 
tively near-?eld coverage, and is particularly useful When 
the vehicle is turning a corner. Not all the illumination 
modules of beam 4 need be used simultaneously. For 
example, those illumination modules that point to the left 
may be operated When the vehicle turns to the left and those 
modules that point to the right may be used When the vehicle 
turns to the right. Furthermore, the angle through Which the 
vehicle is turned may control Which particular illumination 
modules are operated. In some exemplary embodiments, 
some or all of the illumination modules in the sub-unit may 
be physically turned in the direction in Which the vehicle is 
turning. The folloWing tWo examples illustrate details for the 
sub-units used for producing beams 1 and 2. In both 
examples, the LED used in the illumination modules Was 
assumed to be a Luxeon LXHL-PW09 type White-light 
emitting LED, produced by Lumileds Lighting LLC, San 
Jose, Calif. This LED produces 80 lumens of White light, 
having a Lambertian radiation pattern, from an emitting 
surface 0.95 mm><0.95 mm. 

EXAMPLE 1 

[0058] An exemplary embodiment of an illumination 
module 800 used in a sub-unit to generate beam 1 is 
schematically illustrated in FIG. 8A. The module 800 
includes an LED 802, a paraboloidal re?ector 804, and an 
output surface 806. The paraboloidal re?ector 804 has a 
value of R=10 mm, a depth, d=36 mm and the output surface 
is square With a height and Width, h and W, equal to 24 mm. 
The output surface 806 of the module 800 is ?at. The desired 
angular aperture from the sub-unit is 12° vertically and 15° 
horizontally. Accordingly, the amount of light, P, generated 
by a single illumination module into this angular aperture 
can be calculated as: 

Where PO is the amount of light output from the LED, CE is 
the geometrical light collection e?iciency, L1 is re?ectivity 
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of the re?ector and L2 is the transmission through the output 
surface of the module. The value of CE, for this particular 
angular aperture can be calculated to be 42.1%. The value of 
L1, the re?ectivity of the re?ector is assumed to be 0.99. If 
the output surface of the module is uncoated, then there is a 
Fresnel re?ection loss at the output surface, and so L2 is 
assumed to be 0.96. Thus, the value of P for a single 
illumination module may be calculated using equation (1) to 
be 32 Lumens. Thus, a sub-unit 820, schematically illus 
trated in FIG. 8B, having 10 such modules 800, produces an 
output of 320 Lumens into the desired angular aperture. This 
satis?es the requirements for beam 1. 

[0059] The calculated output from the sub-unit 820 is 
presented in FIG. 8C, Which shoWs the output over an 
angular aperture of 15° by 15°. In the particular example 
described here, the LEDs Were assumed to be displaced from 
the focus of their respective paraboloidal re?ectors by 200 
um toWards the apex of the paraboloid. This displacement 
has the effect of reducing the amount of light that is directed 
in the upWard direction, hence the upper portion of FIG. 8C 
is relatively dark. This effect may be useful in vehicle 
headlight systems, since the light is directed less into the sky 
and more toWards the road. The effect is even more pro 
nounced When the LEDs Were assumed to be displaced 400 
pm from the focus toWards the apex of the paraboloid, as 
shoWn in FIG. 8D. FIG. 8E shoWs the calculated illumi 
nation into an angular aperture of 12° by 15°, Where the 
LEDs Were assumed to be displaced from the respective foci 
by 400 um. 

EXAMPLE 2 

[0060] An exemplary embodiment of an illumination 
module 900 used in a sub-unit to generate beam 2 is 
schematically illustrated in FIG. 9A. The module 900 
includes an LED 902, a paraboloidal re?ector 904, and an 
output surface 906. The paraboloidal re?ector 904 has a 
value of R=9 mm, a depth of d=30.5 mm. The output surface 
906 is square With a height and Width, h and W, equal to 20 
mm. The output surface 906 of the module 900 has a 
cylindrical surface With a radius of curvature equal to 19 
mm. The use of a curved output surface 906 may increase 
the spread of light in the horizontal direction. The desired 
angular aperture from the sub-unit is 15° vertically and 135° 
horizontally. The geometrical collection e?iciency, CE, into 
this angular aperture can be obtained from FIG. 6C as about 
79%. The amount of light, P, generated by a single illumi 
nation module into this angular aperture can be calculated 
using expression (1) as 60.1 Lumens, Where the values of L1 
and L2 are as given in Example 1. Therefore, a sub-unit 920 
With fourteen such illumination modules 900 can be calcu 
lated to provide 841.4 Lumens, Which meets the output 
poWer requirements for beam 2. 

[0061] The horizontal divergence from a single illumina 
tion module 900 may be less than 135°, hoWever, so the 
modules 900 in the sub-unit 920 may be arranged With 
non-parallel re?ector axes so as to provide a broader hori 
zontal spread of light. 

[0062] The calculated output from the sub-unit 920 is 
presented in FIG. 9C, Which shoWs the output over an 
angular aperture of 135° by 15°. 

[0063] Other sub-units for producing beams 3 and 4 may 
be designed in a manner similar to the design used for 
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sub-units 820 and 920. It Will be appreciated that the designs 
described in Examples 1 and 2 are illustrative only, and that 
other factors not discussed here may also affect the output 
poWer and divergence of the light from a sub-unit. 

[0064] Although the present description has concentrated 
mostly on the use of paraboloidal re?ecting surfaces, there 
is no restriction to using only these types of surfaces, and 
other types of surfaces may also be used. Furthermore, 
re?ectors formed from these different surfaces may be 
holloW re?ectors or may be solid re?ectors. 

[0065] Accordingly, the present invention should not be 
considered limited to the particular examples described 
above, but rather should be understood to cover all aspects 
of the invention as fairly set out in the attached claims. 
Various modi?cations, equivalent processes, as Well as 
numerous structures to Which the present invention may be 
applicable Will be readily apparent to those of skill in the art 
to Which the present invention is directed upon revieW of the 
present speci?cation. The claims are intended to cover such 
modi?cations and devices. 

What is claimed is: 
1. An illumination system, comprising: 

at least ?rst and second illumination modules arranged 
substantially side by side along a ?rst direction, form 
ing a ?rst roW, the ?rst illumination module comprising 
a ?rst light emitting diode (LED) arranged to emit light 
generally along a ?rst LED axis so as to illuminate a 
?rst curved re?ector having a ?rst re?ector axis non 
parallel to the ?rst LED axis, the ?rst curved re?ector 
comprising a ?rst re?ecting surface that subtends an 
angle of less than 180° at the ?rst re?ector axis at an 
output from the ?rst illumination module. 

2. A system as recited in claim 1, Wherein the second 
illumination module has a second re?ecting surface and a 
second re?ector axis, the ?rst and second re?ector axes 
being adjacently positioned closer together than Would be 
possible if the ?rst re?ecting surface, at the output from the 
?rst illumination module, subtended an angle of at least 180° 
at the ?rst re?ector axis. 

3. A system as recited in claim 1, Wherein the second 
illumination module comprises a second curved re?ector 
having a second re?ecting surface and a second re?ector 
axis, and a second LED arranged to emit light generally 
along a second LED axis so as to illuminate the second 
curved re?ector. 

4. A system as recited in claim 3, Wherein the second 
re?ecting surface subtends an angle of less than 180° at the 
second re?ector axis at an output from the second illumi 
nation module. 

5. A system as recited in claim 3, further comprising at 
least a third illumination module arranged in the roW With 
the ?rst and second illumination modules. 

6. A system as recited in claim 3, Wherein at least one of 
the ?rst and second curved re?ectors comprises a holloW 
curved re?ector. 

7. A system as recited in claim 1, Wherein the ?rst curved 
re?ector comprises a transparent body disposed betWeen the 
?rst LED and the ?rst re?ecting surface. 

8. A system as recited in claim 7, Wherein the ?rst LED 
is mounted to the transparent body. 
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9. A system as recited in claim 8, Wherein the ?rst LED 
comprises a lens, the transparent body comprises a concave 
region, and the lens is mated to the concave region of the 
transparent body. 

10. A system as recited in claim 7, Wherein the transparent 
body has a ?at output face. 

11. A system as recited in claim 7, Wherein the transparent 
body has a curved output face. 

12. A system as recited in claim 7, Wherein the transparent 
body has a facetted output face. 

13. A system as recited in claim 1, Wherein the ?rst LED 
is positioned approximately at a focus of the ?rst re?ecting 
surface. 

14. A system as recited in claim 1, Wherein the ?rst LED 
is positioned approximately on the ?rst re?ector axis and 
betWeen a focus of the ?rst re?ecting surface and an apex of 
the ?rst re?ecting surface. 

15. A system as recited in claim 1, Wherein the ?rst 
re?ecting surface subtends an angle of less than 120° at the 
?rst re?ector axis at the output from the ?rst illumination 
module. 

16. A system as recited in claim 15, Wherein the ?rst 
re?ecting surface subtends an angle of less than 90° at the 
?rst re?ector axis at the output from the ?rst illumination 
module. 

17. A system as recited in claim 16, Wherein the ?rst 
re?ecting surface subtends an angle of less than 60° at the 
?rst re?ector axis at the output from the ?rst illumination 
module. 

18. A system as recited in claim 1, Wherein the ?rst 
re?ecting surface conforms to a curved re?ective surface 
that is truncated by a ?rst truncating surface that is displaced 
along the ?rst direction from the ?rst re?ector axis. 

19. A system as recited in claim 18, Wherein the ?rst 
truncating surface is substantially parallel to a plane de?ned 
by the ?rst LED axis and the ?rst re?ector axis. 

20. A system as recited in claim 18, Wherein the ?rst 
re?ecting surface is truncated by a second truncating sur 
face, the ?rst re?ector axis being displaced along the ?rst 
direction from the second truncating surface. 

21. A system as recited in claim 1, Wherein the second 
illumination module comprises a second curved re?ector 
having a second re?ector axis, the ?rst and second re?ector 
axes being substantially parallel. 

22. A system as recited in claim 1, Wherein the second 
illumination module comprises a second curved re?ector 
having a second re?ector axis, the ?rst and second re?ector 
axes being substantially non-parallel. 

23. A system as recited in claim 1, further comprising a 
second roW of at least tWo illumination modules, the second 
roW being displaced from the ?rst roW along a direction 
substantially parallel to the ?rst LED axis of the ?rst 
illumination module. 

24. A system as recited in claim 1, Wherein the ?rst 
re?ecting surface de?nes part of a paraboloid. 

25. An illumination system, comprising at least ?rst and 
second illumination modules arranged substantially side by 
side along a ?rst direction, in a ?rst roW of illumination 
modules, the ?rst and second illumination modules each 
comprising a respective light emitting diode (LED) arranged 
to emit light generally along a respective LED axis so as to 
side-illuminate a respective curved re?ector having a respec 
tive re?ector axis non-parallel to the respective LED axis, 
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the re?ector axis of the ?rst illumination module being 
non-parallel to the re?ector axis of the second illumination 
module. 

26. A system as recited in claim 25, further comprising at 
least a third illumination module having a third re?ector axis 
parallel to one of the re?ector axes of the ?rst and second 
illumination modules. 

27. A system as recited in claim 25, further comprising a 
second roW of illumination modules comprising at least third 
and fourth illumination modules, the second roW being 
displaced from the ?rst roW along a direction substantially 
parallel to at least one of the LED axes of the ?rst and second 
illumination modules. 

28. A system unit as recited in claim 25, Wherein at least 
one of the ?rst and second illumination modules comprises 
a holloW curved re?ector. 

29. A system as recited in claim 25, Wherein at least one 
of the ?rst and second illumination modules comprises a 
respective curved re?ector that comprises a transparent body 
disposed betWeen a respective LED and a respective re?ec 
tive surface. 

30. A system as recited in claim 29, Wherein the trans 
parent body has a ?at output face. 

31. A system as recited in claim 29, Wherein the trans 
parent body has a curved output face. 

32. A system as recited in claim 29, Wherein the trans 
parent body has a facetted output face. 

33. A system as recited in claim 29, Wherein the respective 
LED is mounted to the transparent body. 

34. A system as recited in claim 33, Wherein the respective 
LED comprises a lens, the transparent body comprises a 
concave region, and the lens is mated to the concave region 
of the transparent body. 

35. A system as recited in claim 25, Wherein at least one 
of the ?rst and second illumination units comprises a re?ect 
ing surface that de?nes part of a paraboloid. 

36. A system as recited in claim 25, Wherein, in at least 
one of the ?rst and second illumination modules, the respec 
tive LED is positioned approximately at a focus of the 
re?ecting surface. 

37. A system as recited in claim 25, Wherein, in at least 
one of the ?rst and second illumination modules, the respec 
tive LED is positioned betWeen a focus of a respective 
re?ecting surface and an apex of the respective re?ecting 
surface. 

38. A system as recited in claim 25, Wherein at least one 
of the ?rst and second illumination modules has a curved 
re?ector that comprises a re?ective surface, the re?ective 
surface subtending, at an output from the at least one of the 
?rst and second illumination modules, an angle, 0, of less 
than 180° at the respective re?ector axis. 

39. A system as recited in claim 38, Wherein the re?ective 
surface conforms to a curved re?ective surface that is 
truncated by a ?rst truncating surface that is positioned 
along the ?rst direction from the respective re?ector axis. 

40. A system as recited in claim 39, Wherein the truncating 
surface is substantially parallel to a plane de?ned by the 
respective LED axis and the respective re?ector axis. 

41. A system as recited in claim 39, Wherein the re?ective 
surface is truncated by a second truncating surface, the 
respective re?ector axis being positioned along the ?rst 
direction from the second truncating surface. 

42. A system as recited in claim 38, Wherein re?ector axes 
of the ?rst and second illumination modules are positioned 
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closer together than Would be possible if ?rst and second 
illumination modules each had respective re?ective surfaces 
that, at the outputs from the ?rst and second illumination 
modules, each subtended an angle of at least 1800 at the 
respective re?ector axes. 

43. A system as recited in claim 38, Wherein the angle, 0 
is less than 120°. 

44. A system as recited in claim 43, Wherein the angle, 0 
is less than 90°. 

45. A system as recited in claim 44, Wherein the angle, 0 
is less than 60°. 

46. A lamp unit, comprising: 

a molded transparent body de?ning at least ?rst and 
second curved surfaces disposed sequentially along a 
?rst roW in a ?rst direction, the at least ?rst and second 
curved surfaces being provided With at least ?rst and 
second respectively conforming re?ecting layers, the at 
least ?rst and second curved surfaces de?ning at least 
?rst and second respective re?ector axes; and 

at least ?rst and second light emitting diodes (LEDs) 
disposed to emit light generally along respective at 
least ?rst and second LED axes oriented non-parallel to 
the ?rst direction and non-parallel to respective re?ec 
tor axes, so as to illuminate respectively the at least ?rst 
and second re?ective layers. 

47. A unit as recited in claim 46, Wherein the ?rst and 
second re?ector axes are non-parallel. 

48. A unit as recited in claim 46, Wherein the molded 
transparent body further de?nes at least third and fourth 
curved surfaces disposed along a second roW in the ?rst 
direction, the at least third and fourth curved surfaces being 
provided With at least third and fourth respectively conform 
ing re?ecting layers, the at least third and fourth curved 
surfaces de?ning at least third and fourth respective re?ector 
axes, and further comprising at least third and fourth respec 
tive LEDs disposed to illuminate respectively the at least 
third and fourth re?ecting layers. 

49. A unit as recited in claim 46, Wherein the ?rst and 
second LEDs are mounted to the transparent body. 

50. A unit as recited in claim 49, Wherein the ?rst LED 
comprises a lens, the transparent body comprises a concave 
mounting region, and the lens of the ?rst LED is mated to 
the concave mounting region of the transparent body. 

51. A unit as recited in claim 46, Wherein the transparent 
body de?nes at least ?rst and second respective output faces, 
light from respective LEDs being re?ected by the respective 
re?ecting layers and exiting the transparent body through the 
respective output faces. 

52. A unit as recited in claim 51, Wherein at least one of 
the output faces is curved. 

53. A unit as recited in claim 51, Wherein at least one of 
the output faces is facetted. 

54. A unit as recited in claim 51, Wherein at least one of 
the output faces is ?at. 

55. A unit as recited in claim 46, Wherein at least one of 
the ?rst and second curved surfaces is paraboloidal. 

56. A unit as recited in claim 55, Wherein at least one of 
the ?rst and second LEDs is respectively positioned approxi 
mately at a focus of the at least one of the ?rst and second 
paraboloidal curved surfaces. 

57. A unit as recited in claim 55, Wherein at least one of 
the ?rst and second LEDs is respectively positioned betWeen 
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a focus of a respective paraboloidal curved surface and an 

apex of the respective paraboloidal curved surface. 

58. A unit as recited in claim 46, Wherein at least one of 

the ?rst and second re?ecting layers subtends an angle, 0, of 
less than 180° at the respective re?ector axis, at a respective 

output from the transparent body. 
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59. A system as recited in claim 58, Wherein the angle, 0 
is less than 120°. 

60. A system as recited in claim 59, Wherein the angle, 0 
is less than 90°. 

61. A system as recited in claim 60, Wherein the angle, 0 
is less than 60°. 


